Background-The clinical benefit of preventive eradication of unruptured brain arteriovenous malformations remains uncertain. A Randomised trial of Unruptured Brain Arteriovenous malformations (ARUBA) aims to compare the risk of death and symptomatic stroke in patients with an unruptured brain arteriovenous malformation who are allocated to either medical management alone or medical management with interventional therapy.
Findings-Randomisation was started on April 4, 2007 , and was stopped on April 15, 2013 , when a data and safety monitoring board appointed by the National Institute of Neurological Disorders and Stroke of the National Institutes of Health recommended halting randomisation because of superiority of the medical management group (log-rank Z statistic of 4·10, exceeding the prespecified stopping boundary value of 2·87). At this point, outcome data were available for 223 patients (mean follow-up 33·3 months [SD 19·7]), 114 assigned to interventional therapy and 109 to medical management. The primary endpoint had been reached by 11 (10·1%) patients in the medical management group compared with 35 (30·7%) in the interventional therapy group. The risk of death or stroke was significantly lower in the medical management group than in the interventional therapy group (hazard ratio 0·27, 95% CI 0·14-0·54). No harms were identified, other than a higher number of strokes (45 vs 12, p<0·0001) and neurological deficits unrelated to stroke (14 vs 1, p=0·0008) in patients allocated to interventional therapy compared with medical management.
Interpretation-The ARUBA trial showed that medical management alone is superior to medical management with interventional therapy for the prevention of death or stroke in patients with unruptured brain arteriovenous malformations followed up for 33 months. The trial is continuing its observational phase to establish whether the disparities will persist over an additional 5 years of follow-up.
Funding-National Institutes of Health, National Institute of Neurological Disorders and Stroke.
Introduction
Brain arter iovenous malformations are diagnosed most often in adults aged about 40 years. Haemorrhage was the usual means of discovery before non-invasive imaging, but in the past three decades such imaging has helped with the detection of brain arteriovenous malformations and the proportion being diagnosed unruptured has almost doubled. 1, 2 An earlier retrospective series 3 estimated a 4% crude annual rupture rate for brain arteriovenous malformations, but this risk was derived from combined outcomes, including those already having bled. More recent prospective studies 4, 5 report bleeding rates as low as 1% per year for those discovered unruptured. Furthermore, first haemorrhage syndromes are often mild, with bleeding often mainly confined to the brain arteriovenous malformation itself or originating from the venous side of the malformation. 6, 7 Approaches to eradicate a brain arteriovenous malformation, bled or not, include various treatment techniques (neurosurgery, endovascular embolisation, and stereotactic radiotherapy) used alone or in combination with varying degrees of treatment-associated morbidity and mortality. 8, 9 In the past decade, debates have addressed whether preventive lesion eradication offers a clinical benefit for patients diagnosed with an unruptured brain arteriovenous malformation. 10, 11 A Randomised trial of Unruptured Brain AVMs (ARUBA) was organised to address this clinically compelling question.
Methods

Study design and participants
ARUBA is a prospective, multicentre, parallel design, non-blinded, randomised controlled trial involving 39 active clinical sites in nine countries (appendix). Site selection was based on centre experience with management of at least ten brain arteriovenous malformations per year, presence of a multidisciplinary arteriovenous malformations treatment team, and documented academic interest in clinical brain arteriovenous malformation research.
We compare the risk of death and symptomatic stroke in patients with an unruptured brain arteriovenous malformation who are allocated to either medical management alone or medical management with planned efforts at eradication of the brain arteriovenous malformation with interventional therapy. The three specific aims of the trial are: 1) to establish whether medical management is superior to interventional therapy for prevention of the composite outcome of death from any cause or symptomatic stroke in the management of unruptured brain arterio venous malformations; 2) if medical management is not superior to interventional therapy, to establish whether medical management is not inferior to interventional therapy for prevention of the composite outcome of death from any cause or symptomatic stroke in the management of unruptured brain arteriovenous malformations; 3) to establish whether treatment of unruptured brain arteriovenous malformations by medical management decreases the risk of death or clinical impairment (modified Rankin scale score of 2 or higher) at 5 years' post-randomisation compared with interventional therapy.
All patients aged 18 years or older with an unruptured brain arteriovenous malformation diagnosed by appropriate neurovascular imaging (eg, by catheter angiography, MRI or MR angiography, CT or CT angiography, at the discretion of local ARUBA investigators) were deemed potential candidates for this trial. The main exclusion criteria were any imaging evidence of previous haemorrhage from a brain arteriovenous malformation, any previous interventional treatment attempt, or presence of a brain arteriovenous malformation deemed unsuitable for attempted eradication by the local centre (full exclusion criteria are listed in the appendix). All variables relating to brain arteriovenous malformations (including the definition of clinical and morphological baseline characteristics) used in the trial are defined according to currently recommended reporting terminology for clinical brain arteriovenous malformation research. 2, 12 The trial is monitored by an independent data and safety monitoring board (appendix) appointed by the National Institute of Neurological Disorders and Stroke (NINDS) of the National Institutes of Health (NIH); the protocol and consent forms were approved by the relevant institutional review boards or equivalent ethics committees at the 61 international institutions in contract, and all participants gave written informed consent before randomisation.
Randomisation and masking
Randomisation was done centrally through a web-based system that confirmed eligibility before issuing a treatment assignment. Patients were assigned in a 1 to 1 ratio (random permuted block design using blocks of size 2, 4, or 6, randomly selected with equal probability, stratified by clinical site) to medical management alone or medical management with interventional therapy. Assignments are not masked to participants, clinicians, or investigators. A senior study neurologist who is not involved in provision of the interventional procedures performs the clinical outcome assessment. All primary and secondary outcome events and imaging studies are assessed by an independent multidisciplinary committee of international adjudicators (appendix).
Procedures
For patients allocated to the interventional therapy group, interventional therapy includes any neurosurgical, endovascular, or radiotherapy procedure (single or multiple) deemed appropriate by local ARUBA investigators to achieve complete eradication of the brain arteriovenous malformation. Medical management is irrespective of randomisation assignment, because all participants receive pharmacological therapy for existing medical disorders (eg, seizures, headaches) or any coexisting vascular risk factors (diabetes, arterial hyper tension) as needed. Patients in the medical management group who reach the primary endpoint (ie, who develop a symptomatic stroke) related to their brain arteriovenous malformation become candidates for the same interventional options as those randomised to the interventional therapy group but do not count as crossovers. Patients allocated to medical management who subsequently receive interventional therapy are deemed to have crossed over if the reason for intervention was other than stroke related to their brain arteriovenous malformation. All patients who switch from interventional therapy to medical management after randomisation are defined as crossovers.
In-person neurological follow-up visits are scheduled at 6 month intervals during the first 2 years and annually, with telephone contacts every 6 months thereafter. At each visit or telephone contact, patients are actively screened for the possibility of new stroke, neurological deficits, seizures, headaches, or any other clinically important event. Clinical standard scales (modified Rankin scale, NIH stroke scale) and health-related quality-of-life measures (EuroQoL, SF-36) 13 are systematically documented at every follow-up visit.
Baseline imaging (MRI or MR angiography, CT or CT angiography, or catheter angiography) is collected after enrolment for each patient, confirmed by a credentialed senior neuroradiologist on site. Additionally, all baseline imaging studies are subject to independent centralised adjudication for diagnostic accuracy. Lesion eradication is confirmed on the basis of catheter angiography and central adjudication. Any imaging studies related to neurological adverse events are systematically collected in electronic format and included in the material for independent clinical event adjudication.
The primary outcome is time to the composite event of death from any cause or symptomatic stroke. Stroke is defined as a clinically symptomatic event (any new focal neurological deficit, seizure, or new-onset headache) that is associated with imaging findings of haemorrhage or infarction. Haemorrhage is defined as fresh intracranial blood on head CT or MRI, or in the cerebrospinal fluid. Infarction is defined as a new ischaemic lesion on cranial CT or MRI (diffusion-weighted, T2-weighted, or fluid-attenuated inversion recovery MRI). The secondary outcome is clinical impairment at 5 years with a modified Rankin scale score of 2 or higher. 14 
Statistical analysis
The design for ARUBA originally approved by the NIH/NINDS Study Section was for 800 patients to be randomised in equal allocation to interventional therapy procedures (standard treatment) versus medical management alone (experimental study group). This design, based on an assumed 5-year event rate of 12% for patients treated with medical management alone and 22% with interventional therapy, offered a statistical power of 87·5% to detect a 40% reduction in the hazard for death or symptomatic stroke over 5 years. Because of lower than expected accrual rates after 18 months of randomisation, the data and safety monitoring board accepted a revised design from the study statistician investigators. The sample size of 400 reduces the trial's statistical power to 80% to detect a 46% reduction in the hazard for death or symptomatic stroke for patients in the medical management group.
Two interim analyses were scheduled and undertaken, based on a group sequentialmonitoring procedure with stopping rules established using a Lan-DeMets stopping boundary and an O'Brien-Fleming spending function. The primary null hypothesis was that no difference existed in the risk of symptomatic stroke or death between patients randomised to medical management compared with patients randomised to interventional therapy. The primary null hypothesis was tested in an intention-to-treat (as-randomised) analysis using a 0·05 level log-rank test. We also present results of an as-treated analysis, with patients who crossed over analysed according to the type of management they eventually received. Cumulative stroke-free survival curves for each group were estimated by the Kaplan-Meier method, and Cox proportional-hazards regression models were used to estimate hazard ratios (HRs; instantaneous risk). We tested the proportionality of hazards for the interaction between treatment and the log of time and did not identify any departure from the proportionality assumption. Cox regression was also used to assess the interaction of treatment with five prespecified covariates; Spetzler-Martin grade, 15 location of brain arteriovenous malformation, venous drainage pattern, age, and time from discovery of brain arteriovenous malformation. Risk of clinical impairment is based on the proportion of patients with a modified Rankin scale score of 2 or higher, and is compared between groups using a χ 2 test. Group differences in the incidence of adverse events including all strokes, focal deficits, seizures, and headaches were compared using Poisson regression.
The trial is registered with ClinicalTrials.gov, number NCT00389181.
Role of the funding source
The funder of the study participated in study design, data interpretation, and writing of the report, but had no role in data collection or data analysis. All authors had access to the data in the study, and the corresponding author had final responsibility for the decision to submit for publication.
Results
We randomised 226 patients during the period from April 4, 2007, to April 15, 2013 , at a mean rate of 3·2 patients per month (appendix). Figure 1 shows the trial profile. We had screened a further 1514 patients for eligibility, of whom 1014 were ineligible for enrolment, largely because of evidence of previous haemorrhage or a history of previous treatment. Of the 500 patients deemed eligible, 323 refused participation in the trial, and 42 were managed by centres that randomised no patients. For the 361 patients seen at active centres, 226 (63%) were randomised, 74 (20%) underwent interventional management outside the trial, and 61 (17%) underwent medical management outside the trial or were reported with undecided status. No information on outcome is available for any patients managed outside the trial.
On April 15, 2013, randomisation was halted by the NINDS/NIH at the recommendation of the data and and monitoring board. This decision was based on the results of the second planned interim analysis of 223 patients with mean follow-up of 33·3 months (SD 19·7; median 33·2 months, IQR 16·3-49·8), representing 53% of the anticipated outcome information. The results of the interim analysis showed efficacy of medical management for the prevention of death or stroke, with an observed log-rank Z statistic of 4·10, exceeding the prespecified stopping boundary value of 2·87. 116 patients were randomised to interventional therapy, and 110 to medical management; data for two patients in the interventional therapy group and one patient in the medical management were excluded from the analyses because randomisation occurred after the dataset had been locked. Of the 223 patients with data available, 41% were women and the mean age of enrolees was 44·5 years (SD 12·3, range 20-69; table 1 12, 15 ). 83% of enrollees were white, 7% were African American, and 12% identified their ethnicity as Hispanic. The diameter of all randomised brain arteriovenous malformations was less than 60 mm (<30 mm, n=138; 30-60 mm, n=85). None of the patients had a Spetzler-Martin Grade score higher than 4; most patients (62%) had scores of 2 or less. Complying with entry criteria, all patients had a modified Rankin scale score of 1 or lower.
Baseline demographic, clinical, and lesion characteristics and modified Rankin scale scores were much the same between groups except for minor imbalances tending towards higher proportions of small (<3 cm) brain arteriovenous malformations and of patients with baseline neurological symptoms in the interventional therapy group (table 1) . At the time of the analysis, length of follow-up was balanced between interventional therapy (mean 32·9 months, SD 19·2) and medical management (33·7 months, 20·2); overall data completeness was 98%.
For patients allocated to interventional therapy, brain arteriovenous malformations were treated by neurosurgery alone (n=5), embolisation alone (n=30), or radiotherapy alone (n=31), or using a multimodal approach combining embolisation with either neurosurgery (n=12), radiotherapy (n=15), or both (n=1). At the time of the analysis, 53 patients randomised to interventional therapy had ongoing treatment plans, whereas 20 had not yet initiated therapy. The median time to first intervention was 76 days (IQR 45-119; mean 106, SD 122) after randomisation (appendix). Seven patients allocated to medical management received interventional therapy without rupture of previous brain arteriovenous malformation (figure 1) and were deemed crossovers in the as-treated analysis. Three of those randomised to interventional therapy had an outcome event before initiation of interventional therapy and were included in the medical management group for the astreated analysis. Seven patients (five in the interventional therapy group, two in the medical management group) discontinued their participation in the trial (3%) during follow-up. Tables 2 and 3 show the primary outcome events. A primary event had occurred for 11 (10·1%) of the 109 patients randomised to medical management versus 35 (30·7%) of the 114 patients randomised to interventional therapy (as-randomised analysis). An intention-totreat analysis of the primary endpoint (time to first stroke or death) showed that the hazard (instantaneous risk) was significantly less in the medical management group (HR 0·27, 95% CI 0·14-0·54) as compared with the interventional therapy group (p<0·0001; figure 2A ). The effect was stronger in the astreated analysis (HR 0·19, 95% CI 0·09-0·38, p<0·0001; figure  2B ). Adjustment for the minor imbalances identified in the baseline characteristics had no effect on the significance of the primary endpoint analysis (data not shown).
The disparity of primary event rates was associated with a substantially better functional outcome in the medical management group: the risk of death and neurological disability (modified Rankin scale ≥2) at 30 months was significantly lower for medical management (eight of 53, 15·1%) than for interventional therapy (24 of 52, 46·2%; relative risk [RR] 0·33, 95% CI 0·16-0·66) in an as-randomised analysis. This effect remained stable to 36 months for medical management (six of 43, 14·0%) compared with interventional therapy (17 of 44, 38·6%; RR 0·36, 95% CI 0·16-0·83). No unexpected harms were identified, other than a higher proportion of strokes (ie, including recurrent strokes documented after a primary endpoint had been reached) and other neurological deficits (unrelated to stroke) in patients allocated to interventional therapy (asrandomised analysis; table 4). In a predefined secondary analysis, primary outcome event rates in the medical management group were low across all Spetzler-Martin grades, but events for the interventional therapy group were significantly more frequent in grades II and III in both the as-randomised and as-treated analyses (appendix).
Discussion
In this study of 223 patients with unruptured brain arteriovenous malformations, the risk of death or stroke was significantly lower in the medical management group than in the interventional therapy group after a mean follow-up of about 33 months. Patients followed up without intervention also had a significantly lower risk of death and neurological disability (modified Rankin scale ≥2) than those in the interventional group. No unexpected harms were identified, other than a higher proportion of strokes and neurological deficits unrelated to stroke in patients allocated to interventional therapy compared with medical management. Both interventional eradication and conservative follow-up are recognised management strategies in patients with brain arteriovenous malformations. 16, 17 As far as we are aware, ARUBA is the first randomised controlled clinical trial assessing the outcomes from these two management strategies (ie, medical management with interventional therapy or medical management alone) in patients diagnosed with an unruptured brain arteriovenous malformation (panel). 18 The trial has shown significant results, and earlier than expected: a more than threefold increased risk of stroke and death after the initiation of interventional therapy compared with medical management alone in patients with an unruptured brain arteriovenous malformation (HR 3·70, 95% CI 1·85-7·14, as randomised). The findings are in line with population-based data 19 that suggested a significantly increased risk of stroke and focal neurological deficits for unruptured brain arteriovenous malformation in patients undergoing an intervention (HR 2·53, 95% CI 1·06-6·04). In our study, the incidence of primary outcome events did not differ between participating sites in different countries (appendix). Also, the proportion of outcome events we identified for interventional therapy (30·7%, as randomised) closely approximate interventional complication rates cited in a systematic meta-analysis 8 of brain arteriovenous malformation treatment for both bled and unbled lesions: surgery (29%, range 1·5-54), embolisation (25%, range 7·6-55), and radiotherapy (13%, range 0-63).
For patients followed up without interventional therapy, ARUBA confirms a low spontaneous rupture rate of 2·2% per year (95% CI 0·9-4·5). These natural history data corroborate earlier reports, 4,5 even those from cohorts including cases having bled, 20 and our secondary analyses argue against a predictive spontaneous haemorrhage effect from the Spetzler-Martin Grade. 9 No randomised trial has ever been truly populationbased, and few have comparable representation from individual centres, 21 making debates over credibility of outcome data common. 22, 23 The proportion of randomised cases (n=226 overall) versus screened patients (n=1740) in our study might seem low (13%), but is actually higher than in previous interventional stroke prevention trials 24 assessing elective extracranial vascular surgery 25 (randomised 4%) and intracranial vascular surgery 26 (4%). Additionally, actively randomising ARUBA sites enrolled an unusually large proportion (63%) of eligible patients. Voluntary participation explains the refusal of randomisation by some potentially eligible patients, and many factors contribute to management decisions that keep eligible patients outside any trial. Potentially useful collection of outcome data for patients deemed eligible but not enrolled in ARUBA was not realised: no centres responded to offers circulated by the study organisers to create a registry for such outcome data. For actual trial participants, the baseline profile is internally balanced and supports the fairness of the comparison made (table 1) . Inclusion of a broad international panel of multidisciplinary treatment teams assured representativeness of the cohort and presence of the whole range of welldocumented interventional treatment strategies for brain arteriovenous malformations. When compared with the most recent population-based data for brain arteriovenous malformations from Scotland 19 and Finland 20 the profiles of patients in ARUBA show smaller lesion size and lower Spetzler-Martin scale scores (appendix), suggesting that patients recruited to ARUBA represent an optimum population for interventional therapy. The favourable comparison with representative patient cohorts, along with similar primary outcome event rates seen across different countries (appendix) support the external validity of the trial and the generalisability of its results.
As a randomised clinical trial, ARUBA features adjudicated primary outcome assessment, high data quality (98% data completeness), and strong patient adherence (only 3% lost to follow-up despite the trial's long-term design). Also, the objective documentation of primary outcome events (ie, death or symptomatic stroke confirmed by imaging) is unlikely to be biased by its non-blinded design. The reliability of the primary outcome analysis is further emphasised by the steady accumulation of secondary (neurological disability) outcome variables. The mandated early end to randomisation limits the power of predefined secondary analyses regarding potential predictors of both brain arteriovenous malformation natural history and treatment risk. With regard to interventional treatment, no standard management plans have been promulgated by speciality groups so far 16 and investigators insisted on the freedom to utilise their expertise in the same fashion as pursued in their usual practice, much the same as in previous large interventional trials. 27, 28 Since many patients in the interventional group are still undergoing therapy for brain arteriovenous malformation, a comprehensive analysis of the technical and clinical treatment success by treatment modality is still premature at this stage. Furthermore, neither the original nor the final sample size are powered for assessment of outcome by interventional treatment types.
The planned long-term follow-up for ARUBA will establish whether the disparity in outcome events identified up to now will persist or change. The interventional therapy group still contains patients awaiting initiation or completion of treatment at the discretion of the local investigator team. Later outcome status might show whether those whose modified Rankin score is 2 or higher will undergo brain functional reorganisation cited in some brain arteriovenous malformations 29 to the degrees known in focal brain infarcts. 30 The range of potential outcome events and potential changes in the clinical status gathered over the coming 5 years should provide important clinical insights into the best long-term management of patients diagnosed with an unruptured brain arteriovenous malformation.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Panel: Research in context
Systematic review
In 2010, a systematic Cochrane review 18 showed that there is no evidence from randomised trials with clear clinical outcomes comparing different interventional treatments for brain arteriovenous malformations compared with medical therapy alone. At the time, ARUBA has been identified as the only ongoing randomised clinical trial assessing the potential benefit of preventive lesion eradication in patients harbouring an unruptured brain arteriovenous malformation. We updated this review in September, 2013, searching the Cochrane Central Register of Controlled Trials, Medline (1966 to Sept 30, 2013) , Embase (1980 to Sept 30, 2013) , and PubMed (1951 to Sept 30, 2013) for studies published in English and continental European languages using the same search strategy as previously reported. 18 We also searched international registers of clinical trials, the contents pages of relevant journals, and bibliographies of relevant articles for randomised trials of any or all of the interventions for brain arteriovenous malformations, compared with usual medical therapy, with relevant clinical outcome measures. Currently, ARUBA is the only randomised controlled clinical trial addressing this compelling question.
Interpretation
After 33 months of follow-up, the ARUBA data provide evidence that medical management alone is superior to preventive interventional management for the prevention of death or stroke in patients diagnosed with an unruptured brain arteriovenous malformation. Over the same follow-up period, the secondary endpoint analysis shows the risk of death and neurological disability is significantly lower for patients managed without intervention. Baseline characteristics of trial participants are much the same as those of representative population-based cohorts. The risk associated with preventive interventional therapy has proven to be higher than previously anticipated. The trial is continuing its observational phase for at least 5 more years to establish whether the disparities in clinical outcome will persist over time. Crosses depict censored patients. HR=hazard ratio. (A) Log-rank χ 2 =16·07; p<0·0001. (B) Log-rank χ 2 =26·9, p<0·0001. Seven patients in the medical management crossed over to interventional therapy. 20 patients in the interventional therapy group did not receive interventional therapy and are deemed crossovers to medical management. Three additional patients randomised to interventional therapy had a stroke before the initiation of interventional therapy and were placed in the medical management group for the as-treated analysis. Adverse events by randomisation assignment 
